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INTRODUCTION 

The M433 projectile is a 40-mm, low velocity, shaped charge grenade. The grenade 
carries a fuze device, which upon impact, initiates a billet of high explosive material that then 
turns a metal liner into a high speed jet of material that penetrates armor plating. During the 
launching of the grenade, the body is under intense inertial forces that put significant amounts of 
stress in the material. Any voids or cracks under this type of loading can propagate and cause a 
breakup of the grenade in-bore. Because this device is used in a hand-held gun system, 
defective structural parts pose an inherent risk to the soldier and cannot be tolerated. The 
central objective of the analysis detailed in this report is to determine safe inspection criteria for 
the structural components of the M433. 

Finite element analysis (FEA) methods are used extensively during the design process 
of a gun fired projectile to ensure the structural integrity and safety of the design. However, 
these analyses presuppose that the parts are defect free and uniform in characteristic. Since 
these items are also intended to be produced at a mass scale, a variety of manufacturing 
methods are relied upon to achieve cost reduction. Often, there is a link between part cost and 
part quality, with cheaper manufacturing methods being more prone to causing defects in the 
finished component and thus compromising safety. It is at this point critical flaw size analysis 
can be used to determine acceptable inspection parameters at the end of the production line. 
Critical flaw size analysis gives an approximation of the largest permissible crack size that can 
be tolerated for a given part given stress magnitude and distribution determined in the previous 
finite element model. 

MODELING AND SIMULATION 

Modeling Approach 

The determination of critical flaw size for a given component requires two separate 
analysis activities. First, an explicit FEA simulation determines the magnitude and distribution of 
the peak tensile stresses during the projectile's launch. In the ABAQUSA/iewer postprocessor, 
the regions that exhibit high stresses are examined and stress distributions, as a function of 
depth, are generated in tabular form from the output. These stress distributions are then passed 
to an outside piece of software (NASGRO) using fracture mechanics equations to determine the 
smallest crack size that will fail the material for the given stress state. 

Model Geometry 

The M433 projectile geometry is shown in figure 1. A half section view is shown in figure 
2. The geometry used in this analysis includes all of the main structural components of the 
projectile, none of which have been de-featured. The fuze mechanisms have been omitted in 
the model in order to save computation time. The absent mass was accounted for by increasing 
the density of the housing material, thus maintaining the appropriate inertia loading on the 
grenade body. 



Body 

Ogive 

HE Fill 

Figure 1 
M433 projectile assembly 

Bent Actuator 

Fuze Housing 

Figure 2 
Section view of M433 assembly 



The only significant simplification made to a structural component in the model was to 
the threaded joint between the body and the fuze (fig. 3). The threaded joint, normally a helical 
thread, was modeled as annular grooves. This enabled the parts to be meshed in a reasonable 
manner; helping to minimize an already dense mesh in that region. The annular grooves 
support axial transmission of the loads through the two parts, but do not transmit rotations to 
allow for torsion between the parts a coupled reference point scheme was used to transmit 
rotation. Details of this coupling are described later in the Boundary Condition, Loads, and 
Constraints section. 

Figure 3 
Threaded joint modeled as annular grooves 

Material Properties and Assignments (table 1) 

Table 1 
Material properties 

Part Material 
Modulus 

(psi) 
Poisson 

ratio 
Density 

(lbf*sA2/in.A4) 
Yield 
(psi) 

Ultimate true 
plastic strain 

(%) 

Ultimate 
true stress 

(psi) 
Drive band Copper (JC model) 10.1E 0.33 0.000253 ** ** 

Body Steel type 1009 29E6 0.29 0.00073504 61,407 7.5 71,670 

Fuze body AL 6061 T6 rod 10.1E6 0.33 0.000471* 34,114 9 46,200 

Ogive AL 6061 T6 sheet 10.1E6 0.33 0.00025364 65,121 9 46,200 

Comp A5 Comp A5 2.6E6 0.22 0.0001611 NA NA NA 

Fuze 
housing 
w/fill 

AL 2017 T4 rod 10.4E6 0.33 0.0002614 32,098 10.74 61,600 

Bent 
actuator AL 2024 T4 sheet 10.7E6 0.33 0.00025882 40,150 10.68 69,440 

•Density increased to account for mass of omitted fuze components. 
"Johnson-Cook model parameters were used and are not available for open dissemination. 

Boundary Conditions, Loads, and Constraints 

To reduce computation and model complexity, the gun tube (shown in white in figure 4) 
was given a rigid body constraint using reference point no. 4 as the control point. The gun tube 
was held fixed in all translational and rotational directions using an encastre boundary condition 
on the tube's rigid body reference node (RP-4). The rigid tube provided the boundary on which 
the projectile could ride while traveling down the gun tube. Raised interior portions, termed 
lands, are shown in figure 5 with a helical shape. These lands cut against the drive band on the 
body and provide the spin up conditions during the analysis. 



Figure 4 
Gun tube assembly with cells removed 

Figure 5 
Interior of gun tube with rifling 

Several tie constraints were used in the model to provide couple motion between parts 
where adhesives or friction would have been acting in reality. Although it is possible to 
implement friction in ABAQUS, tie constraints allowed for model simplification and were 
warranted as the areas in question were not of particular interest. These tie constraints are 
displayed in figure 6. 



Comp A billet - liner (not shown) Fuze body - housing 

Fuze fill - housing Fuze body - ogive 

Figure 6 
Tie constraint 

The coupling transmission of spin between the annular grooved surfaces was 
accomplished using distributed coupling constraints from the grooved surfaces to individual 
reference points (RP). The surfaces being controlled on each part are shown in figures 7 and 8. 
The two RPs rotational degrees-of-freedom are then joined using an align connector shown in 
figure 9. The distribution coupling enforces the motion of the contained nodes in a force based, 
average way. This method allows for both the contact forces between the parts and other 
motion constraints imposed on the reference points to influence the parts motion. 

Figure 7 
Surfaces on the body coupled to RP 

Figure 8 
Surfaces on fuze coupled to RP 



Figure 9 
Alignment connector 

If perfect obturation (the sealing of propellant gasses behind the projectile) is assumed, 
the surfaces that receive the applied pressure load are shown in red in figure 10. The pressure- 
time curve (fig. 11) used to drive this load in the model was derived from instrumented live-fire 
testing, in which a pressure transducer is tapped into the side of the cartridge case and reads 
the pressure throughout the duration of the launch. 

Figure 10 
Pressure load applied on base of projectile 
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Pressure (Test #3 MC) 

Time (sec) 

Figure 11 
Mid-case pressure data 

Mesh Details 

The mesh generated for the analysis was significantly denser in quality than is typically 
used for structural analysis of launched projectiles (figs. 12 and 13). A minimum of six elements 
were used throughout the thickness of all structural parts (body, fuze, and ogive). This ensures 
bending stress and the distribution can be accurately resolved through the thickness of the part 
and is required to yield the appropriate out for critical crack analysis (more on this in Critical 
Crack Size Determination section). 

Figure 12 
Detail of sidewall of projectile body 

Deformable elements Nodes 
852,480 1,063,527 

Figure 13 
Meshed assembly 



SIMULATION RESULTS 

Engraving 

The engraving and final net shape of the drive band matched very closely with live-fire 
results. Figures 14 and 15 compare the two resultant shapes. The width of the lead groove 
corresponds closely with one another; the test projectile measured approximately 0.179 in. and 
the model result shows approximately 0.175 in. Also, characteristics in both results were that 
the lead groove was wider than the trailing groove. 

Figure 14 
Engrave mark on recovered projectile 

Figure 15 
Engrave mark on FEA projectile 

During the progression of the engraving (fig. 16), it was also observed that high stresses 
were localized at the areas of the shearing, which of course is to be expected. However, this 
stress penetrated through the thickness of the body and formed significant "hot spots" on the 
inside of the body (fig. 17). These regions alternated from tension to compression and are of 
particular concern because of the fact that tension enables crack propagation and they are in 
close proximity to high explosive fill. 

Figure 16 
Engraving progression 
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S, S22 (cyl) 
(Avg   75%) 

+3992e+04 
+3 334e+04 
+2.677e+04 
+ 2.019e+04 
+ 1.361e+04 
+7.037e+03 
+4603e+02 
-6.116e+03 
-1.269e+04 
-1.927e+04 
-2.585e+04 
-3.242e+04 
-3.900e+04 
-6.263e+04 

Figure 17 
Hoop stress distribution 

Stress and Plasticity in Components 

The results did not show any amounts of plastic yielding in structural components or 
material damage that constituted a failure condition or a safety issue for the soldier. Shown in 
figure 18, there was a very small amount of localized plasticity on the inside of the body 
corresponding to the engraving hot spots. These areas of yielding were very small and the peak 
magnitude was about 0.25%. Conventionally, the maximum allowable yield through a sidewall 
must be less than one-fourth of the overall sidewall thickness. The plastic resulting yield in the 
model was much less than this measure. Much more significant plastic yielding occurred in the 
bent actuator, which was housed within the ogive (fig. 19). Since part is not an integral 
structural component and is enclosed in the projectile, the plasticity observed in the model is not 
of concern for the purposes of screening for safety critical failures. 

PEEQ 
(Avg: 75%) 

+ 8.735e-01 
+ 1 000e-02 
+9.167e-03 
+8.333e-03 
+7.5OOe-03 
+6.667e-03 
+ S.833e-03 
+ 5.000e-03 
+4.167e-03 
+ 3.333e-03 
+2.5008-03 
+ 1.667e-03 
+8.333e-04 
+0.000e+00 

Figure 18 
Plastic strain and drive band 



PEEQ 
SNEG, (fraction = 
(Avg: 75%) 

+8.735e-01 
+5.000e-03 
+4.583e-03 
+4.167e-03 
+3.750e-03 
+3.333e-03 
+2.917e-03 
+2.500e-03 
+2.083e-03 
+ 1.667e-03 
+ 1.250e-03 
+8.333e-04 
+4.167e-04 
+0.000e+00 

1.0) 

Model Validation 

Figure 19 
Equivalent plastic strain in the actuator 

A quick comparison of the final exit velocity in the model with muzzle velocities 
measured from live-test firing provides a degree of validation. Shown in figure 20, the exit 
velocity of the projectile was approximately 247 ft/s. An average muzzle velocity of 120 test 
shots came to 252 ft/s, a difference of roughly 1.9%. 

Axial Velocity 
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Figure 20 
Plot of axial velocity of projectile 
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CRITICAL CRACK SIZE DETERMINATION 

Introduction to Fracture Mechanics 

When a crack is present in a structure, it serves to concentrate local stress fields around 
its tip. As a result, the yield strength of the material can be exceeded around the crack, which 
may lead to crack propagation. If this propagation becomes self-sustaining or "unstable," the 
structure will fail due to fracture. Such failure generally occurs due to applied stress 
perpendicular to the crack plane (Mode I), but other modes of failure such as in-plane shear 
(Mode II) and out-of-plane shear (Mode III) are possible. For example, composite materials with 
weak fiber-matrix interfaces are prone to Mode II fracture. 

Linear elastic fracture mechanics (LEFM) theory establishes the concept of a stress 
intensity factor that can be used in engineering calculation to predict fracture failure. Stress 
intensity factors are dependent on several considerations including specimen geometry, loading 
conditions, and flaw geometry, which makes them very complex to evaluate. However, many 
closed form solutions for simple cases have been developed. For a given state, if the stress 
intensity factor exceeds the fracture toughness (a property) of the material, then unstable crack 
growth will occur causing the structure to fracture. 

The LEFM is valid as long as the material under consideration obeys Hooke's Law. In 
reality, there is often a plastic region formed ahead of a crack tip, which violates these 
assumptions of LEFM. However, if the plastic region ahead of the crack tip is sufficiently small, 
the material can be treated as linear elastic. 

If a specific specimen geometry, load case, and flaw shape is assumed, it is possible to 
calculate the crack length required for the stress intensity factor to exceed the fracture 
toughness of the material. This represents the largest flaw a structure can accommodate before 
it fails in fracture and is commonly known as the critical crack size. 

NASGRO is a computer code that is capable of calculating stress intensity factor. As a 
result, the software can determine the critical crack size of a defined problem by solving the 
following equation 

K|C-K, = 0 

Where K|C represents the fracture toughness of a material and K| represents the stress intensity 
factor. It is important to note that NASGRO only considers Mode I loading. Due to the complex 
dependence of K| on multiple variables, the code uses numerical approximation techniques to 
solve for the roots of the previous equation. With an initial guess of critical crack length, 
NASGRO implements Newton's method to converge to a solution. In this way, it is possible to 
determine critical crack sizes. 

NASGRO Procedure 

NASGRO contains a database of closed-form solutions for stress intensity factors given 
various specimen geometries, loading cases, and flaw geometries. The user must select an 
appropriate model for the application being analyzed. Since the current analysis is concerned 
with determining critical crack sizes caused by manufacturing defects, a pair of surface crack 
models is selected for use; these are the longitudinal and circumferential surface crack for a 
hollow cylinder as they most closely resemble the actual shape of the projectile body (known in 
the code as SC04 and SC05). A schematic of these models is shown in figure 21. 
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SC04 
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Figure 21 
Surface crack models used in NASGRO 

Next, the field output from the ABAQUS structural results is transformed from the global 
default system (fig. 22), to a cylindrical coordinate system. This enables the display of the 
circumferential (hoop), axial, and radial stress in the sidewall of the grenade body. Since 
surface cracks are only afforded the possibility of propagating while in a state of tension, the 
areas of concern are places that exhibit locally high tensile stress values. A longitudinally 
oriented crack, running lengthwise down the surface of the part, would tend to be opened by a 
tensile hoop stress. Similarly, a circumferentially oriented crack, running across the body, would 
be opened by an axial tensile stress. 

S, S22(CSYS-1) 
(Avg: 75%) 

+7.669e+04 
+6.426e+04 
+5.182e+04 
+3.938e + 04 
+2.695e+04 
+ 1.451e+04 
+2.074e+03 
-1.036e+04 
-2.280e+04 
-3.523e+04 
-4.767e+04 
-6.011e+04 
-7.254e+04 

This assembly was transformed from global to cylindrical coordinate system with the hoop stress 
component shown. 

Figure 22 
Hoop stress transformed from global coordinate system 
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The body was discretized into separate regions; the thread, sidewall, and cup regions. 
The maximum tensile stress location and values through the cross-section of the body were 
determined and extracted for each of the three regions. This allows for separate sets of 
inspection criteria to be determined for different parts of the component. Figure 23 breaks down 
the three regions of the part that were scrutinized. 

Sidewall 
-Threads 

Figure 23 
Regions with the body 

Within ABAQUSA/iewer, the stress through the sidewall was obtained using the probe 
results feature, which outputted the S22 stress at various nodes through the sidewall thickness. 
This extraction was performed at seven different locations in the model at the particular 
locations of peak stress in hoop and axial. Figure 24 shows an example of the stress state 
probe at a hotspot below the threaded joint. Several other significant hotspots were probed 
along the inside of the body, indicated in red on figure 25. Table 2 shows an example of the 
stress distribution generated from the ABAQUS output. 

Max:  •!  A%Aa: 

Figure 24 
Location of extracted stress distribution 
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Figure 25 
Tensile hotspots 

Table 2 
Example stress distribution 

Sidewall 
Location 

(radius, in.) 
Hoop stress, 
tensile (psi) 

Outside 0.782 14627.70 
0.77875 12962.90 
0.7755 9593.01 
0.77225 6204.45 
0.769 2670.46 
0.76575 -797.09 

Inside 0.7625 -2414.17 

These stress gradients were inputted into the NASGRO software cracked models in 
tabular form. Since the models only assume simple cylindrical shape, only thickness and outer 
diameter are provided to the code. As a starting point, an initial flaw size of 0.01 in. and a 0.1 
a/c ratio (ratio of crack depth to length) are used. NASGRO applies these values to the critical 
flaw size equation which is 

71 

-a 

TS*F» 

Where Kmax is the fracture strength of the material, 5n is based on the stress state, and Fn are 
coefficients predetermined from FEA studies by NASGRO. 
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NASGRO 

NASGRO uses an iterative approach in solving for a critical crack size and so the 
solution is dependent on an initial critical flaw size, which is often guessed. Numerical 
approximation is performed using Newton's method and complicated load cases can yield 
multiple solutions or be numerically unstable. Care must be taken to estimate an initial trial size 
that is as realistic and accurate as possible or erroneous results could occur. It is prudent to 
rerun an analysis with varying initial flaw sizes to verify the results. 

In each of the calculations, NASGRO either reported a crack size that was outside the 
geometric bounds of the problem (larger than the scale of the part) or did not converge after 100 
iterations (table 3). When this occurred, the initial flaw size was set at the thickness of the part 
and re-run. If the code still did not find crick propagation at this trial size, it can be safely inferred 
that for the given geometry, material, and stress state, the critical flaw size is significantly out of 
the geometric bounds of the model. From an engineering and manufacturing viewpoint, a large 
critical flaw size is favorable; if it is approximated that a small critical flaw size pertains to one or 
more of the parts in the analysis, a costly and time consuming regiment of inspection must be 
developed for the part in question. 

Table 3 
Flaw sizes at various locations in the model 

Part (stress component) Location Calculated flaw size (in.) 

Body(hoop) Sidewall Out of geometric bounds 

Body(hoop) Thread region Out of geometric bounds 

Body(hoop) Cup region Out of geometric bounds 

Body(hoop) Sidewall 0.121 

Ogive (axial) Sidewall 0.293 

Fuze body (axial) Sidewall 0.0165 

Since the M433 is a low velocity projectile and uses a reduced amount of propellant for 
launch, the pressure and inertia loading is smaller compared to higher velocity projectiles in the 
arsenal. The critical flaw size calculations here indicate that these parts are not overly 
susceptible to failure by small scale manufacturing flaws as, for example, high velocity tank 
ammunition and artillery ammunition can tend to be. 

Nevertheless, no matter what the load environment a projectile is subject to during 
launch and travel to the target, it is common practice to use a maximum inspection size of one- 
fourth of the part thickness in the absence of a critical flaw size analysis that indicates a size 
smaller. The one quarter rule is a precaution that ensures some factor of safety and 
acknowledges that most components in an ammunition system are under either a bending or 
buckling or strain mode, in which tension and compression straddle a neutral axis. It is prudent 
to not allow and localized plastic deformation or cracks to occupy space anywhere close to the 
neutral axis to prevent instability. 

Oscillatory loading during gun launch and flight can progressively damage material or 
grow flaws that penetrate significantly into the part thickness. With this in mind, the final 
inspection criteria reported for the parts are displayed in table 4. 
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Table 4 
Inspection criteria determined from the analysis 

Part Location Depth (in.) Length (in.) 

Body Sidewall 0.014 0.028 

Body Thread region 0.0048 0.0096 

Body Cup region 0.0123 0.0246 

Ogive Whole part 0.007 0.014 

Fuze body Whole part 0.0165 0.0330 

CONCLUSIONS 

The modeling effort detailed in this report used linear elastic material definitions and 
linear elastic fracture mechanics to estimate a critical flaw size for the M433 grenade body. The 
modeling assumed a constant fracture toughness of 35 ksi/in. for steel that yielded relatively 
large critical crack size values. Though fracture does not appear to be an issue from the results 
of this analysis, the maximum inspection criteria of one-fourth the total wall thickness is still 
applicable for the M433. Future work should include further study and validation of the 
manufacturing process for the M433 body to better understand the formation of defects and 
ensure acceptable part quality. 

16 



APPENDIX 
EXPLICIT ANALYSIS DATA PLOTS 
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